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ABSTRACT 

_ -  

- -  

. A major concern in future NASA space research is the availability 

Communication and tracking systems of required time and frequency sources. 
in use today already impose stringent requirements on stable frequency 
sources, with indications that future experimentation will impose even greater 
requirements, including accurate time synchronization. To meet a new require- 
ment to resolve range rate to 0.01 meter/sec. the allowable error budget due 
to phase noise of the VCO was determined to be 9.4~10-~ meter/sec. 
this requirement to oscillator stability as a function of transit and smoothing 
times, graphs resulting from an analysis on theoretical limitations on range 
and range rate tracking systems demonstrate the severe requirements on the 
oscLllator stability. Information obtained from questionnaires and inter- 
views, which in general showed that the present state of the art capabilities 
are in excess of needs, was considered inconclusive. Further discussions 
with NASA engineers are recommended to insure that they are aware of the affect 
of time and frequency on their research and to permit them to take full advan- 
tage of present and future capabilities as they become available. 
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1. INTRODUCTION 

The purpose of this study has been to determine the present and 

future needs of the NASA for stable time and frequency standards. The 
study consisted of an investigation into the various communication and 
tracking systems employed by the NASA in carrying out their mission, an 
attempt to convert system characteristics into requirements for time 
and/or frequency and a validation of the time and frequency needs specified 
by engineers and scientists within the NASA. 

The methods employed in acquiring this data included question- 

naires, interviews, literature search, in-house consultation, contract 
review, analysis of current equipment usage, and a survey of theoretical 
limitations C i l  range and range-rate systems. 
proved outstanding as a means for obtaining data pertinent to the study. 
Conclusions have been drawn based on apparent needs and also on the 
experience of ITTFL engineers' knowledgeable in this field. 

However, no single method 

- 

- 

, Of particular interest is a survey made on the theoretical 
limitations on range and range rate systems in which errors in range and 
rqnge rate systems are related to oscillator stability characteristics. 

This final report contains a general background on time and 
frequency as applicable to NASA programs, a summary of the data collected, 
conclusions which can be drawn from this data, and recommendations to 
ascertain additional information if the study is continued. 
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2. TIME AND FREQUENCY REQUIREFENTS 

Scientists are constantly performing experiments wherein the 
elements of time and frequency play an important role. 

the-art in practically any field of science advances, more and more 
sophisticated experiments must be devised in order to prove theoretical 

hypotheses. 
scientific investigation in many fields, but the potential for scientific 
experimentation yet to be performed is vast. 
effects as well as the precise measurement of some fundamental quantities 
such as, the speed of light, impose very demanding requirements on the 
precision of frequency sources and/or time synchronization methods. 

As the state-of- 

The advent of the space age has been a veritable boom to 

The measurement of relativistic 

In space research, communication and tracking systems in use today 
Future already impose stringent requirements on stable frequency sources. 

experimentation will impose even greater requirements, including accurate 
time synchronization. Examples of these systems follow: 

(a) In deep space probles, where the probe must be tracked within 
a precise error, the communication system requires the use of 
very narrow band receivers to keep the signal-to-noise ratios 

high. 
are used which require good oscillator short and long term 

To obtain the narrow bandwidths phase-lock loop receivers 

stability. * 

The determination of a spacecraft's orbital parameters is of 
prime importance. 
ments of time intervals to determine range and Doppler frequency 
shifts to determine range-rate. To obtain precise determination 
of Doppler frequencies good oscillator stability is obviously 
a requirement. However, not so obvious is the maintenance of 
the required oscillator parameters during all environmental 

conditions. Since it takes several accurately positioned ground 
stations to adequately track a satellite, there also exists a 

8 

(b) 
8 

A method in use is based on making measure- 

-2- 



I '. 

need for means whereby the ground stations can be precisely 
synchronized in time. In the final analysis the degree of 
precision to which orbital parameters are required to be known 
impose the requirements on the precision of frequency sources 
and time synchronization methods. 

(c) Eventually it may be desirable to make re-entry guidance 
entirely independent of ground facilities. The development 
of onboard sensing, tracking and computation equipment that 
will result in orbit determinations with the accuracy possible 
from the ground should impose further requirements on frequency 
sources. 

(d) The potential superiority of laser systems to RF systems for 
transmission of data and orbit determination offer a solution 
t o  satisfy deep-space requirenents. The applications of time 
and frequency must be defined to insure full exploitation of 
optical tracking and communication. 

This study has attempted t o  relate time and frequency to some of the 
systems outlined above. In some areas of investigation specific time and fre- 
quency requirements were determined, while in others only preliminary data 
was undovered. 
experimentation this is frequently due to the fact that the results cannot 
always be predicted. But as the information is gained from each subsequent 
experiment, the measurements must be more refined in order to gain more 

knowledge. Consequently, as space research advances, the applications of 
time and frequency will be continually pushed to new horizons. 

as in all technologies a continuing study must be made of NASA's scientific 
advancements to insure that the current time and frequency state-of-the-art 
is fully utilized, and that basic research is performed to meet the needs 
of tomorrow. 

In many cases the actual requirements are not known. In 

. 

Therefore, 
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3. RESULTS 

3.1 QUESTIONNAIRE 
- 

The initial method for acquiring data on time and frequency 

requirements was through the media of a questionnaire. 
and an accompanying letter of explanation was distributed to a total of 

103 engineers and scientists with the NASA, industry and other govern- 
mental agencies. 
with an additional six people transmitting letters indicating that their 
project had no requirements, information had been supplied verbally or 
that present capabilities are adequate. 
an indication that the addressee had left without leaving a forwarding 
address. In the selection of names, care was taken to see that these 
questionnaires were directed to people actively engaged in the field. 
requested by the GSFC project manager, the circulation was limited to 
working engineers as opposed to supervisory management personnel. 

Questionnaires 

Completed questionnaires were received from seven people 

Three letters were returned with 

As 

- 

' A sample questionnaire has been included in Appendix I to show 
I 

the type of information requested. 
returned forms has been summarized in Table I; Table I(a) contains the 
immediate requirements and Table I(b) contains the future needs. The full 
contents of these questionnaires are on file with the GSFC project manager. 

A portion of the data contained in the 

It was anticipated- that this method o€ data acquisition would 
e 

provide a ready source of information on future requirements since those 

concerned with programs and experiments would be interested in seeing that 

the equipment needed in the field would be available. 

questionnaires is historically poor, an above normal response was expected 
to this form due to the selected distribution. Further, it was hoped that 
completed forms would provide us with a bridge towards reaching the 

experimenters who would set the requirements for the future. 

Although response to 

\ -  
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However, with only a 7% return of completed forms, of which two 
were returned from NASA personnel and one from a NASA contractor, this 
method did not provide a complete cross-section of NASA needs. 

particular, the questionnaire method did not provide the desired contact 
with scientists planning future experiments. 

In 

Some of the completed questionnaires, which are on file with the 
GSFC project manager, contains information pertinent t o  the signals which 
a central time and frequency source would be called upon to provide. 
such a central source is planned, these forms will provide a ready reference 
for establishing typical requirements. 

If 

. 
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3.2 INTERVIEW 

3.2.1 GENERAL 

I n  o r d e r  t o  ob ta in  information d i r e c t l y  from engineers  and 

s c i e n t i s t s  w i th in  t h e  NASA in te rv iews  were conducted wi th  selecter 

personnel.  These in te rv iews  were conducted over a per iod  of seven 

months extending from January t o  J u l y  1965 wi th  a t o t a l  of 23 people 

interviewed. 

members of t h e  GSFC Timing Section p a r t i c i p a t i n g  i n  some of t h e  d i s -  

cuss ions .  Table  I1 presen t s  a l i s t i n g  of t h e  d a t e s ,  p laces  and names 

of t h e  ind iv idua l s  who were interviewed. 

, 

The in te rv iews  were conducted by ITTFL engineers w i t h  

3.2.2 TIME REQUIREMENTS AND CAPABILITY 

To determine t h e  c a p a b i l i t y  of equipment c u r r e n t l y  i n  use  i n  

t h e  f i e l d  and t o  d i scuss  problems w i t h  t h e  engineers  r e spons ib l e  f o r  

t h e  implementation of systems t o  meet timing requirements,  meetings 

were he ld  w i t h  personnel  a t  MSFC, KSFC, P a t r i c k  AFB and Eg l in  AFB. 
The engineers  interviewed a t  these s i t e s  were p r imar i ly  concerned wi th  

d a t a  a c q u i s i t i o n .  

f o r  time synchronizat ion were r e l a t i v e l y  gross and t h a t  s o l u t i o n s  which 

s a t i s f y  t h e  requirements had been implemented. However, as a word of 

c a u t i o n  i n  drawing conclusions f o r  t h i s  d a t a ,  i t  must be s t a t e d - t h a t  

these' engineers a r e  p r imar i ly  concerned wi th  c u r r e n t  experiments and 

n o t  on space research  of t h e  fu tu re  r e q u i r i n g  advances i n  technology. 

A s  a r e s u l t ,  i t  w a s  found t h a t  t h e i r  reqJirements  

A t  t h e  Kennedy Space F l igh t  Center ,  M r .  A r t  Green, who i s  

r e spons ib l e  f o r  t h e  timing on Merritt Island,'  i s  i n  t h e  process of i n -  

s t a l l i n g  a system t o  meet t h e  needs of about 150 users. 

of Loran-C timing wi th  VLF frequency t racking .  When t h e  system i s  com- 

p l e t e d ,  t iming s i g n a l s  w i l l  be d i s t r i b u t e d  v i a  an a l l - c a b l e  system w i t h  

a goa l  of 2 usec accuracy w i t h  respec t  t o  t h e  c e n t r a l  timing c e n t e r  f o r  

each of t h e  us ing  loca t ions .  The d i s t r i b u t i o n  p a t t e r n  is 10's and 100's 

It c o n s i s t s  

. of mi l l i seconds .  The s tandard  code format i s  1000 pu l ses  pe r  second 



TABLE I1 - INTERVIEWS 

-. - 
DATE (1965)  PLACE INTERVIEWED CODE AFFILIATION 

- 

1/ 25 

1 / 2 6  

1 / 2 6  

1 / 2 6  

1 / 2 6  

3/  24 

3 /  24 

3 / 2 5  

3 /25  

3 / 2 6  

5 / 2 4  

5 /  2 4  

(\ 5 / 2 4  

5 / 2 5  

6/11 
6/11 

7 / 2 1  

GSFC 

GSFC 

GSFC 

GSFC 

. 

GSFC 

MSFC 

MSFC 

KSFC 

P a t r j c k  AFB 

Eglj-n AFB 

GSFC 

GSFC 
GSFC 

GSFC 

GSFC 

GSFC 

GSFC 

william Poland, Alan Demerle 

George KronmLller 

W i  11 i a m  G a l  1 iger  

T. Ta rash i ,  P h i l  Curby 
Michael Mahoney 

Marc S e l i g  

John Gregory, E. Gleason 

George Jarret t ,  James Belden 

Art Green 

Roy Rice, Harry Leidke 

Joseph Taylor 

D r .  Henry P lo tk in  

D r .  E l i e  Bagdadhy 

D r .  B. Kruger 

D r .  Richard Sydnor 

D r .  N. Hess 

John Jacobi 

W i l l i a m  Sha f fe r  

544 NASA 

531 NASA 

623 NASA 

540 NASA 

545 NASA 

NASA 

NASA 

NASA 

AP 

AF 
NASA 

ADCOM 

NASA 

JPL 

NASA 

NASA 

531 NASA 
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with reference to UT-2. 
of events such as missile lift-off. However, the techniques for 
acquisition of such data is a major problem and requires improvement. 
Since the tracking and doppler radars have their own internal fre- 

quency standards the KSFC time and frequency central does not distribute 

a frequency standard. 

Among the timing signals distributed are time 

At the Patrick Air Force Base discussions were held with Mr. Ray Rice 
and Mr. Harry Leidke on the needs for conformal timing between stations on 
the Atlantic Missile Range. 
timing in the order of several millisec was attained throughout the range, 
except for Ascension Island where the timing accuracy was plus minus 
5 millisec. The exact reason for this degradation, i.e., equipment or human 
error, was not disclosed. 
indicated that he would implement his own system using Loran and expected to 

He indicated that with WWV as a time reference, 

In order to improve the system, Mr. Leidke 

achieve 150 usec accuracy using skywave reception. 

Loran C signals are also used at the Eglin Air Force Base to 
synchronize clocks at each local site. 
Eglin had a coasiderable problem with time synchronization when signals were 
sent via cable from one site to another. However, with the use of Loran 

Mr. Joseph Taylor indicated that ! 

it was suggested that the ability to synchronize was now perhaps five years 
a'head bf the need. 
peak of the received Loran C signal from Jupiter, Florida. Since the results 
attained far surpass their 1 to 2 millisec requirement and due to the proximity 
of the down range stations with Jupiter, no attempt is made to either synchro- 

In operation the local time pulse is positioned at the 

. I 

nize on a particular cycle of the Loran signal or to compensate for propagation 
delays. The results achieved are approximately 150 usec so that this simple 
synchronizing procedure is quite satisfactory for his purpose. 

\At.the Marshall Space Flight Center, the data reduction center 
broadcasts time to about 50 customers on a telemetry channel with WWV as the 
time reference. Upon launch of a rocket from Cape Kennedy the count is 
picked up and distributed to facilitate acquisition. At a later date, the 

-10- 



t i m e  d i f f e r e n c e  between Kennedy and MSFC i s  determined and c o r r e c t i o n s  

made p r i o r  t o  t h e  reduct ion  of t he  recorded data .  

requirements are pr imar i ly  one pulse p e r  second and two pu l ses  p e r  

second w i t h  100 pulses  pe r  second s i g n a l s  as t h e  maximum rate which they 

are c a l l e d  upon t o  provide. 

The t iming pu l se  rate 

I n  d i scuss ing  f u t u r e  needs, M r .  Jones Bulden, who has r e s p o n s i b i l i t y  

f o r  f u t u r e  planning a t  Redstone, i nd ica t ed  t h a t  f u t u r e  p lans  should s t r i v e  

f o r  t h e  utmost i n  synchronizat ion accuracy and r e s o l u t i o n  s i n c e  i t  i s  

impossible  t o  p r e d i c t  what degree w i l l  be requi red .  

synchroniza t ion  of 50 microseconds and frequency accuracy of 3x10 
considered t o  b e  reasonable  f u t u r e  requirements. 

A va lue  of time 
-8  were 

A t  MSFC d i scuss ions  were a l s o  held w i t h  M r .  John Gregory and 

M r .  E. H. Gleason. 

system and procedures descr ibed  above were adequate i n  t h e  time and f r e -  

quency reg ion  and t h a t  they could n o t  f o r e s e e  any need f o r  improvement i n  

t h e  near f u t u r e .  

It was  t h e i r  consensus of opinion t h a t  t h e  present  

Since much of t h e  d a t a  c o l l e c t e d  a t  t h e  f i e l d  s i tes  i s  processed 

a t  t h e  Goddard Space F l i g h t  Center, i n t e rv i ews  were conducted wi th  the  

personnel  concerned wi th  t h e  a n a l y s i s  of d a t a  rece ived  from d a t a  c o l l e c t i o n  

s-ites.. Here, t h e  i n t e r e s t  i n  time is  p r imar i ly  i n  r e l a t i v e  time synchro- 

n i z a t i o n  between s t a t i o n s  i n  order t h a t  t h e  d a t a  recorded on the. t apes  can 

be c o r r e l a t e d .  Of p a r t i c b l a r  concern was a need f o r  improving t h e  method 

f o r  record ing  a t i m e  code on t h e  tape. 

M r .  T. Tarash i ,  P h i l  Curby and Michael Mahoney of GSFC, College Park,  Md. 

t h a t  t h e  a b i l i t y  t o  synchronize with h igher  accuracy would be of l i t t l e  

b e n e f i t  un less  i t  can be r e l i a b l y  recorded OR tape. An a r e a  of confusion 

appears t o  be i n  t h e  inconsistency i n  compensating f o r  propagat ion de lays  

when synchronizing time. 

ment, and i n  o t h e r s  Goddard makes t h e  compensation. However, t h i s  problem 

a rea  involves an ope ra t iona l  dec is ion  and i s  no t  d i r e c t l y  a s soc ia t ed  w i t h  

t h i s  study. 

cerned w i t h  t h i s  probl-em, ind ica ted  t h a t  p re sen t  requirements f o r  time 

An opinion w a s  expressed by 

I n  some cases  t h e  l o c a l  ope ra to r s  make t h e  a d j u s t -  

M r ,  Alan Demmerly and M r .  W i l l i a m  Poland, who are also con- 

-11- 



synchronization was several milliseconds with a possible future requirement 
of one millisecond absolute. 
at each of the data collection sites be synchronized to a time standard 

specified by NASA and the necessary equipment installed to meet this re- 
quireaent. 

This would require that the time established 

During these discussions Mr. Marc Selig indicated that there exists 
a need for a stable spaceborn clock which would provide a short term 

stability of 1 x Although specifications of their purchased oscillators 
state conformance to this requirement, GSFC has found that under test this 
part of the specification is not met. 
affected by the severe power, weight and size restrictions. 

The stability considerations being 

The requirements imposed on time synchronization by tracking systems 
were discussed with Dr. B. Kruger at GSFC. He noted that the Unified S-Band 
system provides synchronization of one to two milliseconds, and predicted that 
the maximum requirements in the foreseeable future would be 0.1 milliseconds. 
The S-Band system to be implemented will be used for prime communications 
and'tracking between a Command Module, Loran Excursion Module and the ground 
base Zquipment from the earth parking orbit to the lunar parking orbit and 
eventual moon touchdown. It utilizes a single carrier frequency for trans- 
mission of all tracking and communication data between the space crafts and 
the ground base equipment. The system transmits voice, up-data, and pseudo- 
random range signal to the spacecraft (2090-2120 I%z) and it receives voice, 
PCM Th Data, pseudo-random range and coherent Doppler range rate information 
from the space craft (2270-2300 NHz). 

is in parking orbit, or when it is not required, the range and range rate 

information can be interchanged with either 400 kHz television information, 
14.5 to 165 kl'lz high-frequency analog data, or 4 kHz to 12.4 kHz biomedical 

data and baseband voice from the astronaut's belt pack. 

In addition, when the space vehicle 
I 

\ .  
A further attempt was made to determine future tfme requirements 

by meeting with scientists concerned with new experiments. However, the 
only contact which could be established was with Dr. E. Ness. Dr. Ness 

described a satellite which would carry a particle accelerometer to create 
an artificial agrora. 

synchrnnized in the area of several mtlliscconds. 

For this experiment an on-board clock would be required 

- 12- 



3.2.3 FREQUENCY REQUIREMENTS 

I n  a meeting w i t h  D r .  E l i e  Bagdadhy of ADCOM, i t  was suggested 

t h a t  frequency requirements be charac te r ized  by t h r e e  parameters: 

(1) a smoothing f i l t e r ,  (2) r e so lu t ion  of t he  phase measuring instrument 

and (3) t he  time sepa ra t ion  between the  compared samples, H e  noted t h a t  

t he  a c t u a l  o s c i l l a t o r  i n s t a b i l i t y  i s  charac te r ized  by t h e  mean-square 

s p e c t r a l  dens i ty  of t he  instantaneous frequency pe r tu rba t ions  and a normal 

peak f a c t o r  f o r  conversion from rms t o  peak phase f l u c t u a t i o n .  

d i scuss ion  on these  f a c t o r s  i s  descr ibed i n  a paper presented by D r .  Bagdadhy 

a t  the Symposium on the  Def in i t ion  and Measurement of Short  Term Frequency 

S t a b i l i t y  e n t i t l e d ,  Short  Term Frequency S t a b i l i t y :  Charac te r iza t ion ,  

Theory and Measurement. 

A complete 

In an a t t e m p t  t o  a sce r t a in  t h e  requirements imposed on o s c i l l a t o r  

s t a b i l i t y  and phase n o i s e  by t racking  systems seve ra l  persons were contacted.  

D r .  13. Kruger of GSFC ind ica t ed  t h a t  f o r  a moon o r b i t  an o s c i l l a t o r  s t a b i l i t y  

of 1 pp 10-lO/sec w i l l  y i e l d  a range rate e r r o r  of 6 cent imeters /sec.  When 

pressed f o r  the need of g r e a t e r  accuracy he ind ica t ed  t h a t  t h e  6 cent imeter  

e r r o r  was s u f f i c i e n t  bu t  t h a t  a 1 pp lO-''/sec s t a b i l i t y  would provide a 

d e s i r a b l e  margin. 

were a l s o  provided as follows: (1) 0.07 f e e t / s e c  b i a s  and (2) 0.1 feet /sec.  

noise .  

Budget f i g u r e s  f o r  sources  of e r r o r  i n  the  Apollo mission 

The Apollo program was a l s o  discussed wi th  M r .  John Jacobi  a t  GSFC, 

who ind ica t ed  t h a t  t he re  were no new requirements i n  excess of present  

c a p a b i l i t i e s .  These c a p a b i l i t i e s ,  as s t a t e d - i n  t h e  performance s p e c i f i c a t i o n  

FSGC-TDS-FS-1 f o r  an Apollo Prec is ion  Frequeacy Source, w i l l  be as follows: 

A. Atomic Resonators (2 required)  

11 

11 
Long Term- - - - - 5 p a r t s  i n  10 

Short  Term----3 p a r t s  i n  10 

/year  

/sec.  

B. C rys t a l  O s c i l l a t o r s  (2 requi red)  

/day 
10 Long Term- - - - - 1 p a r t  i n  10 

Short  Ternl----3 p a r t s  i n  10 11 /sec .  

-13- 



Discussions on t h e  Deep Space Tracking Network were he ld  w i t h  

D r .  Richard Sydnor of JPL. 

lock receivers i n  deep space probes r e q u i r e s  a high degree of phase 

s t a b i l i t y  i n  t h e  o s c i l l a t o r s  of the ground t r a n s m i t t e r s  and r ece ive r s .  

I n  this a p p l i c a t i o n ,  narrow t racking  bandwidths are r equ i r ed  t o  main ta in  

a h igh  s igna l - to -no i se  r a t i o  over long d i s t a n c e s  and low t r a n s m i t t e r  

powers. 

l i m i t e d  t o  6 degrees nns i n  a 20 Hz double s ided  n o i s e  bandwidth, b u t  

t h a t  i t  w a s  now p o s s i b l e  t o  a t a i n  1-1/2 degrees  rms i n  a t e n  h e r t z  band- 

width.  

frequency s tandard ,  was given as 5x10 

10 minutes. 

It w a s  po in ted  o u t  t h a t  t h e  use of phase 

D r .  Sydnor ind ica t ed  t h a t  s e v e r a l  yea r s  ago t h e  phase n o i s e  w a s  

The s t a b i l i t y  of t he  o s c i l l a t o r ,  which is  a rubidium vapor 
-10 -11 i n  10  hours and 5x10 i n  

A t  GSFC, M r .  George C. Kronmiller d i scussed  t h e  requirements f o r  

an S-Band t r ack ing  system and t h e  importance of s h o r t  term s t a b i l i t y  t o  

t r a c k i n g  accuracy. 

of a new procurement requi red  a s  a des ign  goa l  2.5 pp 10 per  second, and 

t h a t . i n  t h e  actual procurement t h e  requirement was surpassed s i n c e  t h e  

carrier VCO was s p e c i f i e d  w i t h  a design goal of 6 degrees m s  phase n o i s e  

i n  a 20 h e r t z  n o i s e  band. I n  t h i s  case measurernents made on de l ive red  

equipment revea led  a minimum rms phase e r r o r  of 2.2 degrees,  an average of 

4 . 3  degrees and a maximum of 5.5 degrees. 

carrier VCO w a s  s p e c i f i e d  as 1.5 degrees max. rnis phase e r r o r  i n - a  20 h e r t z  

It bras ind ica ted  t h a t  t h e  s h o r t  term frequency s t a b i l i t y  
-11 

The des ign  goal of t h e  sub- 

n o i s e  ‘band. Measurements ind ica ted  1.3 degrees min, 1 .7  degrees average, 

and 2 .4-degrees  max. 

achieve  1 degree rms phase n o i s e  i n  a 10 h e r t z  n o i s e  band. 

Curren t ly  the re  e x i s t s  a t  Goddard a requirement t o  

I n  looking f u r t h e r  i n t o  t r zck ing  requirements a t  Goddard, 

Mr .  W. Sha f fe r  descr ibed  a Range Rate S ide  Tone t r ack ing  system now under 

development wi th  de l ive ry  scheduled f o r  t h e  f a l l  of 1965. 

i n t e r e s t  was t h e  new requirement imposed on t h e  system t o  r e so lve  range 

O f  p a r t i c u l a r  

.. . 
-14- 



rate to 0.01 meter/sec, which is an improvement of a magnitude over the 
Goddard Range and Range Rate system. 
in the analysis on Theoretical Limitations (Appendix IV). 
system the carrier oscillator in the transmitter is a klystron operating 
at 70 WIz.  Xt is multiplied vp to 6 kEz for transmission to the 
satellite. 
responds at 4 kHz with the signal being converted down to 70 MHz in the 
ground receiver. The composite signal at 70 MHz looks as follows: 

This requirement has been included 
In the new 

The satellite, which will contain a traveling wave tube, 

, 
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The s o l u t i o n  f o r  meeting the VCO s t a b i l i t y  requirements w i l l  

b e  t o  provide two o s c i l l a t o r s ,  one which can be pul led  d r a s t i c a l l y  when 

t h e  s a t e l l i t e  i s  i n  i t s  t r a n s f e r  o r b i t ,  and a second when i t  has reached 

synchronous o r b i t .  

I n  order  t o  ob ta in  d a t a  on o p t i c a l  t racking  and t h e i r  system 

requirements,  a meeting w a s  he ld  with D r .  Henry P lo tk in .  He descr ibed 

a system which u t i l i z e d  a 20 nanosecond i n t e r r o g a t i o n  pulse  wi th  t h e  

time between t ransmi t  and r ece ive  of t h e  r e f l e c t e d  pu l se  accumulated i n  
a 100 M€iz counter .  

which can be reduced t o  1 meter by smoothing of t h e  da t a ,  

or rendezvous opera t ions  i t  was f e l t  t h a t  a 1 meter accuracy w a s  s u f f i c i e n t .  

As an i n d i c a t i o n  of t h e  present  accuracy, D r .  P l o t k i n  showed t h a t  measure- 

ments can he made t o  0.1 usec which i s  equiva len t  t o  30 meters. 

i nd ica t ed  t h a t  due t o  t he  inherent  fas t  rise times of a l a s e r  pu lse ,  a 
s i n g l e  laser measurement would be  equiva len t  t o  t h e  r e s u l t s  of t h e  

smoothed range rate measurements. 

I 

With t h i s  system a 1-1/2 meter unce r t a in ty  e x i s t s  

For tnidcourse 

He a l s o  

3 .3  LITERATURE SEARCH 

During t h e  s tudy a l i t e r a t u r e  search  w a s  made t o  l o c a t e  r epor t s  

and papers e i t h e r  w r i t t e n  by NASA personnel o r  those  a s soc ia t ed  with 

NASA which would descr ibe  system requirements a f f e c t i n g  time and/or 

frequency. 

I n  a d d i t i o n  t o  t h e  jou rna l s  covered by these  indexes,  t he  NASA Technical 

Notes were examfned f o r  d a t a  pe r t inen t  t o  the  study. I n  add i t ion ,  r e fe rence  

was made t o  such proceedings a s  the r ecen t  Symposiums on Frequency Control 

sponsored by the U.S. Amy Elec t ronics  Research and Development Laboratory,  

and t h e  Symposium on the. Def in i t ion  and Measurement of Short  Term Frequency 

S t a b i l i t y  co-sponsored by NASA and IEEE. 

used i n  the  s tudy are included i n  the  Eibliogrzphy, Sec t ion  5 .  

The indexes which were reviewed a r e  l i s t e d  i n  Appendix 11. 

A complete l i s t i n g  of a l l  documents 
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Although the  r e p o r t s  and documents acquired through t h i s  s ea rch  

provided a source o fgene ra l  background t o  NASA p r o j e c t s  and developments, 

they  f a i l e d  t o  provide t h e  expected i n p u t  of e i t h e r  needs f o r  t i m e  and/or 

frequency o r  i n s i g h t  i n t o  t h e  system requirements.  

was l i t t l e  re ference  t o  f u t u r e  experiments o r  work from which parai ie ters  

could be e s t ab l i shed  on which t o  base f u t u r e  needs f o r  accura te  t i m e  

I n  p a r t i c u l a r  t h e r e  

' and s t a b l e  f requencies .  Since the  a b s t r a c t s  reviewed a r e  considered v a l i d  

sources  f o r  t he  l o c a t i o n  of technica l  r e p o r t s  on t h e  s u b j e c t s ,  i t  i s  f a i r  

t o  assume t h a t  f u t u r e  experiments and p lans  by NASA are not  r epor t ed  i n  

t h e  t echn ica l  j ou rna l s  surveyed. 

However, s eve ra l  papers,  e spec ia l ly  those  appearing i n  IEEE 

proceedings,  which p e r t a i n  to t h e o r e t i c a l  a n a l y s i s  of l i m i t a t i o n s  i n  doppler  

measurements, sources  of o s c i l l a t o r  no i se ,  etc. ,  were loca ted  as p a r t  of 

t h e  sea rch  an; provided an important i npu t  f o r  t he  survey on t h e o r e t i c a l  

l i m i t a t i o n s  on range and range r a t e  systems contained i n  s e c t i o n  3.5. 

Due t o  t h e  lack  of d a t a  co l l ec t ed  i n  t h i s  f i r s t  search ,  t h e  NASA 

I p r o j e c t  manager requested t h a t  a review be made of a l l  the c o n t r a c t s  

executed by NASA. This search  was conducted by making a d e t a i l e d  search  

of some 15,000 a b s t r a c t s  contained i n  t h e  S c i e n t i f i c  and Technical Aero- 

space Reports (STAR). This review, as d i f f e r m t i a t e d  from t h e  l i t e r a t u r e  

search, 'was t o  l o c a t e  any con t r ac t  which might poss ib ly  have some requi re -  

ment f o r  time ox frequency. 

t he  search  was l i m i t e d  t o  s p e c i f i c  t i t l e s  such as t r ack ing ,  doppler ,  t iming,  

e t c .  

which would j u s t i f y  f u r t h e r  i nves t iga t ion .  

c o n t r a c t s  were obtained by t h e  NASA p r o j e c t  manager. However, a f t e r  a 

review of these  documents l i t t l e  da ta  of s i g n i f i c a n c e  t o  the  s tudy  was 

obtained.  

The previous search  w a s  not  as genera l  s i n c e  . 
Even wi th  the  broad scope of t h i s  survey only 24 con t rac t s  were found 

Reports prepared under these 
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3.4 OPERATIONAL EQUIPMENT SURVEY 
- - T  

The A t l a n t i c  Missile Range (AMR) was examined i n  order  t o  

determine the  types of equipment p re sen t ly  a v a i l a b l e  f o r  use  i n  space 

missions.  It was found t h a t  t h e  AMR conta ins  d a t a  a c q u i s i t i o n ,  d a t a  

processing,  d a t a  reduct ion,  timing, f i r i n g ,  frequency con t ro l  and a n a l y s i s ,  

and range s a f e t y  systems. 

types of t racking  and t iming systems now i n  useo 

were CW t r ack ing  systems such as Mistram and the Goddard Range and Range- 

Rate System. 

O f  i n t e r e s t  t o  t h i s  s tudy were the  var ious 

Of p a r t i c u l a r  i n t e r e s t  

,2 /.. 

Mistraat r e a l i z e s  a 0.4-feet range e r r o r ,  and 0.02 fee t / second 

range- ra te  e r r o r  (rms) us ing  smoothing times of 0.5-seconds a t  a d a t a  

ra te  of 20-points/second. 

conf igu ra t ion  wi th  remote s t a t i o n s  loca ted  a t  base l ines  of 10,000 and 

100,000-feet from the  c e n t r a l  s t a t i o n  a t  the  v e r t i x  of t he  "L". Micro- 

wave l i n k s  connect t h e  c e n t r a l  s t a t i o n  wi th  the  ex t r emi t i e s  of the long 

base l ines .  

t r a n s m i t t e r  was determined t o  be 5 p a r t s  i n  l o l o  per  day wi th  a s h o r t  

t e n n / d r i f t  of less than 40-degrees rms phase e r r o r  i n  10-mil l iseconds 

a t  t h e  t ransmi t ted  c a r r i e r  frequency of 8.148-GHz. 

i s  provided from Cape Kcnnedy,via the  communications l i n k .  The theo- 

r e , t i c a l . l i m i t a t i o n s  of t h i s  s y s t e m  are discussed i n  Appendix IV. 

The physical  l ayout  of t h e  system i s  an "L" 

The s p e c i f i c a t i o n  for t he  bas i c  o s c i l l a t o r  i n  t h e  ground 

Timing information 

The Goddard Range and Range-Rate System i s  designed f o r  world- 
* 

wide t racking  app l i ca t ions .  The system measures range on t h e  p r i n c i p l e  

t h a t  any wave propagated a t  a given v e l o c i t y  undergoes a delay that  de- 

pends upon the  d i s t ance  t raversed  by the  wave. It measures v e l o c i t y  on 

the  Doppler p r i n c i p l e .  

I 

Figure 1 shows the  e n t i r e  block diagram of the  range and the  range 

system. ,The system opera tes  as fo11o;rs: 

r e f e rence  c a r r i e r  p lus  sideband pa i r s  obtained by frequency modulating t h e  

The ground s t a t i o n  produces a 
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carrier wi th  seve ra l  harmonically r e l a t e d  lower frequencies .  

lowest of these  l a t te r  i s  f u r t h e r  divided down t o  provide both  a range 

and a Doppler re ference  s i g n a l  a t  one pu l se  pe r  second, which i s  

synchronized t o  W V  and i n i t i a t e s  count ing of 10 MHz by the  Time I n t e r v a l  

Units .) 

(The 

Thqough d i g i t a l  techniques,  t he  phase delay of t h e  h ighes t  

frequency s i g n a l  (100 kHz) i n  going t o  t h e  s a t e l l i t e  and back is  measured 

t o  an  accuracy of 1 percent  (15 m) and t h e  remaining lower frequencies  

(for which one wavelength is  g r e a t e r  than the  measured range) a r e  used t o  

resolve the  ambiguity of how many whole cyc le  de lays  have occurred; t h e  

combined d a t a  c o n s t i t u t e  t he  range measurement, 

The t r a n s m i t t e r  c a r r i e r  is used i n  performing the  range r a t e  

measurement; i t  i s  der ived from the same u l t r a s t a b l e  o s c i l l a t o r  t h a t  

provides  the  s ide tone  f o r  t he  range measurement. 

The c a r r i e r  frequency plus sidebands are received i n  the  s a t e l l i t e  

u n i t ,  whose bandwidth can simultaneously handle t h r e e  ground s t a t i o n s  

separa ted  approximately by 1 MHz. The transponder u n i t  t r a n s l a t e s  t h e  

received s i g n a l  t o  a d i f f e r e n t  pos i t i on  i n  the  r a d i o  spectrum and a c t s  as 

a boos te r  ampl i f i e r ;  i t  has near ly  enough t o t a l  ga in  t o  make up f o r  t he  

a t t e n u a t i o n  of t h e  path from ground t o  sa te l l i t e .  

On the  ground, the  t r a n s l a t e d  c a r r i e r  and sidebands a r e  rece ived  

i n  t h e  range and range r a t e  (RRR) rece iver .  

ground-transmitted re ference  c a r r i e r  and phase locking of the  r ece ive r  

t o  t h e  l a t t e r  produces a d i f f e rence  frequency t h a t  equals  t he  a i rbo rne  

l o c a l  o s c i l l a t o r ' s  frequency p lus  i t s  d r i f t  and one-way Doppler s h i f t  p lus  

t h e  two-way Doppler s h i f t  of the  c a r r i e r .  Simultaneously the  a i rbo rne  

l o c a l  o s c i l l a t o r ' s  frequency p lus  i t s  d r i f t  and one-way Doppler s h i f t s  are 

received i n  t h e  Frequency Trans la t ion  (FT) Receiver,  where appropr ia te  

frequency conversion by means of phase locked o s c i l l a t o r s  r e s u l t s  i n  an 

output  t h a t  i s  these  same frequencies p lus  a b i a s  frequency. 

I n i t i a l  mixing wi th  the  

Mixing t h i s  

I 
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output  with t h a t  of the RKR Receiver removes a l l  l o c a l  o s c i l l a t o r  

e f f e c t s  and produces a de tec ted  output t h a t  is the  b i a s  frequency p lus  

t h e  two-way Doppler s h i f t  of t h e  c a r r i e r .  

This  de tec ted  output  i s  sen t  t o  the  Range Ext rac t ion  Unit ,  which 

uses  narrow band phase-locked loops t o  sepa ra t e  t h e  ranging frequencies  

and improve t h e i r  s igna l - to-noise  r a t i o s .  I n  add i t ion ,  the  outputs  are 

fed  t o  analog phase meters,  whose outputs  are recorded by an analog paper 

r eco rde r  as a backup, 

The 200-kHz-biased Doppler i s  f ed  t o  t h e  Doppler Ext rac t ion  Unit  

which i s  set t o  count 10 MHz i n  a second Time I n t e r v a l  UnLt f o r  a per iod 

equal t o  6400 periods of the  200 kHz + Doppler frequency. 

t he  maximum Doppler expected i s  -1-120 - kHz. Counting 0.1-usec u n i t s  f o r  

6400 periods of 200 kHz -t- Doppler frequency produces a nonl inear  measure 

of Doppler wi th  an accuracy varying from approximately 0.25 t o  1.0 h e r t z  

for two-way Doppler, o r  a nonl inear  measure of range r a t e  t o  an accuracy 

of approximately 2.2 t o  9 cm/sec. 

by t h e  10 pps from t h e  Reference P u l s e  Generator,  thus synchronizing t h e  

Doppler Ext rac t ion  Unit  t o  WIqV. The d i g i t a l  ou tputs  from both  the  Range 

and t h e  Doppler Time I n t e r v a l  Units a r c  multiplexed wi th  t h e  output  from 

the  D i g i t a l  Clock and punched on two sepa ra t e  t e l e t y p e  punch u n i t s ,  

producing d a t a  a t  10 readings pe r  second i n  t e l e t y p e  code. 

A t  1700 MHz, 

- 

The 6400 period counter  i s  gated ON 

The b a s i c  frequency standard used has a long term s t a b i l i t y  of . 10 b e t t e r  than 5 p a r t s  i n  10 per  day,and a s h o r t  term s t a b i l i t y  of b e t t e r  
10 than 2 p a r t s  i n  10 per  second. In a d d i t i o n ' t o  a 1 MHZ ou tpu t ,  t h e  

s tandard  provides outputs  of 100 kHz and 5 MHz t o  the  synthes izer .  

However, as shown i n  Figure 2 ,  s epa ra t e  osc i l l . a to r s  are used i n  

t h e  syn thes i ze r  t o  provide the  c o r r e c t  c a r r i e r  f requencies  s i n c e  i n  cbp- 

p l e r  measurements the  s h o r t  tern1 s t a b i l i t y  of t he  o s c i l l a t o r  i s  a prime 

r e q u i r e m a t .  The syn thes i ze r  contains the  phase modulators where t h e  
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composite ranging tones are modulated upon t h e  carrier frequencies .  

Three 28.---MHz o s c i l l a t o r s  are used which e x h i b i t  good s h o r t  term 

s t a b i l i t y  w i t h  a s a c r i f i c e  i n  some long term s t a b i l i t y .  
11 7 is given  as 2.5 p a r t s  rms i n  10 

month. 

- This s t a b i l i t y  

p e r  second and 1 p a r t  rms i n  10  per  

The, t h e o r e t i c a l  l i m i t a t i o n s  of t h i s  system i s  discussed i n  

Appendix I V .  

In  t h e  AMR t h e r e  are also t w o  UDOP (Ultra High Frequency 

Doppler) t r a j e c t o r y  measuring s y s t e m  which use a phase comparison 

technique. The system p rec i s ion  is approximately one t e n t h  of a doppler  

cyc le .  With a carrier frequency of 900 MHz t h e  system p r e c i s i o n  becomes 

about  0.1 f t .  

The Nni t iming system c o n s i s t s  of a c e n t r a l  t i n i n g  s ta t ion .  a t  
Cape Kennedy, s t a t i o n s  a t  var ious  downrange s i tes  and subcen t r a l  t iming 

u n i t s  for s a t e l l i t e  range s t a t i o n s .  

s t a t i o n s  genera te  a b a s i c  c lock  frequency w i t h  a s t a b i l i t y  of b e t t e r  

than  5 p a r t s  i n  1.0 

p e r  day. 

rates and a 24-hour r ecyc le  code is accumulated. 

t h e s e  s t a t i o n s  have clocked outputs  s o  t h a t  t h e  lead ing  edges of a l l  code 

r e p e t i t i o n  r a t e  pulses  are co inc ident  t o  w i t h i n  l-microsecond. Grand I3ahzrta 

Islan:, San Salvador and Grand Turk a r e  re ferenced  t o  Cape Kennedy over  tb.e 

submarine cable which t ransmi ts  a synchronizing s i g n a l  t o  keep t h e  l ead ing  

edges of a l l  pu lses  generated a t  these  s t a t i o n s  co inc ident  t o  w i t h i n  

40-microseconds of t he  Cape. 

d i r e c t l y  t o  IfiiJV and through long t ine  in t egza t ion .  

a l l  pu lses  generated a r e  kept  co inc ident  t o  w i t h i n  5-mil l iseconds of those  

a t  Cape Kennedy. 

Cape Kennedy and t h e  downrange 

10  9 

The b a s i c  frequency i s  then subdivided i n t o  slower r e p s t i t i o n  

p e r  day, and an accuracy b e t t e r  than 1 p a r t  i n  10 - 
The genera tors  used at 

Antigua and Ascension I s l and  are synchronized 

The l ead ing  edges of 

Irnirediately fol lowing arc t a b l e s  l i s t i n g  t h e  accu rac i e s ,  l o c a t i o n s ,  

and uses of var ious  types of CIJ t rack ing  and pu l se  r a d a r  systems used i n  

the  A t l a n t i c  Missile Range. 
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TABLE III(a) 

Accuracy of AMR CW Tracking Systems 

SYSTEM 

AZUSA Mk I 

AZUSA Mk I1 

GLOTRAC 

MI S T W  

PARAMETERS SYSTEMATIC ACCURACY 

Range 30 f t .  
Direct ion Cosines 40 PPm 
Range 7.8 f t .  
Direct ion Cosines 

Pos i t i on  100 f t .  
Veloci ty  ~ 0.5 fps .  

Range -1-0.4 f t .  

Range Diff. 0.03 Et. (10,000 f t .  base l ine)  
Range Rate Dif f .  0,001 f p s  (10,000 f t .  base l ine )  

17.4 & 19.7 ppm 

Range Rate 6.02 fps  

0.002 f p s  (100,000 f t .  base l inc )  

UDOP System Precis ion:  0.10 of doppler  cyc le  
(o r  approximately 0.1 f t . )  

Range 
Range Rate 
Angular Data 

-1-15 meters 
$0.1 meter/sec.  
30.1 Degree - 

. 



TABLE III(b) 

LOCATION OF AMR CW TRACKING SYSTEMS 

AZUSA Mk I -- Grand Bahama Island 
AZUSA Mk I1 -- Cape Kennedy, Florida 
GLOTRAC -- a) Main Station: Cape Kennedy, Fla. (AZUSA Mk 11) 

b) Transmitter and Range Rate Station: San Salvador 
c )  Range Rate Station: Cherry Point, N. C.; Antigua, and 

Grand Turk Island. 

d) Range Rate Station with Range Module: Bermuda 

MISTRAM -- Valkaria, Florida and Eleuthera Island 

UDOP -- Uprange: Cape Kennedy, Merritt Island, Playa Linda Beach, 
and Cocoa-Titusville Airport 

Downrange: Bahamas: Walker Cay, Little Carter Cay, 
Great Sale Cay, Allans Cay and 
Bassett Cove (Grand Bahma Is.) 

GODDARD R & RR -- Goddard Space Flight Center, Greenbelt, Md. 

. 
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TABLE I I I ( c )  

ZISES OF AKR CGJ TRACKING SYSTEMS 

AZUSA Mk I & I1 -- Determine successive t r a j e c t o r y  pos i t i ons  of a 
missi le-borne transponder by continuous comparison 

of phase d i f fe rences  between microwave s i g n a l s  

t ransmi t ted  t o  and received from t h e  transponder.  

GLOTRAC -- 

MISTPa -- 

UDOP -- 

Makes high-accuracy measurements of t a r g e t  v e l o c i t y  and 

p o s i t i o n  by using da ta  from e x i s t i n g  (31 (AZUSA Mk 11) 

and pu l se  r ada r  systems as w e l l  as newly developed range 

and range- ra te  equipment. 

Determines a vehic le ' s  p o s i t i o n  and v e l o c i t y  i n  space and 

provides  rea l - t ime readout of t h i s  information. 

Ultra-High Frequency Doppler developed f o r  t he  A t l a n t i c  

Missile Range and used t o  make space veh ic l e  t r a j e c t o r y  

measurements by means of phase comparison techniques,  

GODDART) R & RR -- Used t o  detcrinlne o r b i t a l  parameters of space 

vehic les  including those i n  h ighly  e l l i p t i . c a l  o r b i t s .  

. 
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SYSTEM 

AN/FPS - 8 
AN/FPS-16 

AN/FPQ-6 
AN/TPQ- 18 

MOD I1 RADAR 

- MOD IV RADAR 

TRINIDAD RADAR 

TABLE IV(a) 

ACCURACY OF AM! PLKSE RADAR SYSTEMS 

PARAMETER 

Not Determined 
Range 
Azimuth 
Elevation 

Range 
Azimuth 
Elevation 

Range 
Azimuth 
Elevation 

Slant Range 
Slant Azimuth 
Slant Elevation 

None given 

Range 
Az iniu t h 
Elevation 
Resolution between 
'targc t s 

Range Rate 

SYSTEMATIC ACCURACY 

Not Determined 
20 ft. 
0.20 mils 
0.20 mils 

+3.0 yards (rms) 
T0.05 mils (rms) 
z0.05 mils (rms) 

100 ft. 
1 mil (rrns) 
1 mil (rms) 

30 ft. 
0.2 mil 
0.2 mil 

None giver. 

1 nm 
0.25 deg 
0.25 deg 

230 ft. 
12 fps 
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-. 
- -  TABLE IV(b) 

ANIFPS-8 -- Cape Kennedy, F lo r ida  

ANIFPS-16 -- Cape Kennedy, P a t r i c k  AFB, Grand Bahama I s l a n d ,  San Salvador ,  

Ascension I s l a n d ,  Twin F a l l s  V ic to ry ,  and East I s l a n d  (Bahamas). 

AN/FPQ-6 -- Antigua and P a t r i c k  AFB. 

AVITPQ-18 -- Cape Kennedy, Grand Bahama I s l a n d ,  Grand Turk I s l a n d ,  
Ascension I s l a n d ,  and P r e t o r i a  (Af r i ca ) .  

MOD I1 RADAR -- Cape Kennedy, Grand Bahama I s l a n d ,  San Sa lvador ,  

Grand Turk I s l a n d ,  Ascension I s l a n d ,  and P a t r i c k  AFB. 

NOD I V  RADAR -- Cape Kennedy, F l o r i d a  

AN/MPS-25 -- 
TRINIDAD W A R  -- Tr in idad  I s l and .  

I 

L i t t l e  Carter Cay (Bahamas). 
r 
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TABLE IV(c) 

USES OF AMR PULSE RADAR SYSTEMS 

AN/FPS-8 -- Used as a range safety device to ensure range clearance, 

and to provide target acquisition data. 
&'/FPS-16 -- High-precision, C-bmd, monopulse tracking radar designed 

specifically for missile instrumentation. 
AN/FPQ-6 I-- High-precision, C-band, monopulse tracking radar including 

the latest advances in radar development. 
Transportable version of AN/FPQ-6. AN/TPQ-18 -- 

MOD 11 RADAR -- Automatic angle and range tracking radar designed to 
provide (1) azimuth and elevation angle and range selsyn 
data, (2) slant range, altitude, ground range, and X-Y 
ground position potenticmeter data, and (3) boresight 
camera photographs and digital encoder data. This radar 
is used chiefly to provide a network system to give 
tracking information for range safety.  

MOD IV RADAR -- X-band, monopulse target tracking radar with infrared 
and TV/joystick angle tracking aids. 
provides reliable track from liftoff. It is used to 

provide real-time missile position display for range 
safety from engine ignition to about 40,000-yards on all 
missile launches, and to provide target acquisition data 
t o  other.tracking devices. 

The infrared 

. 
AN/HPS-25 -- Trailer-mounted version of the AN/FPS-L6. 

TRINIDAD RADAR-- Tracking radar composed o f .  an experimental L-band 
Millstone Hill tracker (AN/FPS-43, XW-1) and a scanner 
(AN/FPS-44, XW-1) is used f o r  missile tracking in t h e  

range: 300-2700 nautical miles. 
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3.5 . SURVEY OF THEORETICAL LIMITATIONS 
ON RANGE AND RANGE-RATE SYSTEMS 

Space veh ic l e  t racking  systems make use  of CW r a d a r  and/or 

s ide tone  ranging techniques i n  order t o  determine t h e  d i s t a n c e  (range) 

of a space  veh ic l e  from t h e  t racking  s t a t i o n .  

s h i f t  measurements a re  made us ing  coherent  phase-locked loops i n  o rde r  

Doppler frequency 

t o  determine the  veh ic l e ' s  r a d i a l  v e l o c i t y  ( range- ra te )  w i th  r e spec t  

t o  t h e  t r ack ing  sec t ion .  These measurements t oge the r  w i th  angular  d a t a ,  

when made by several accu ra t e ly  pos i t ioned  ground s t a t i o n s  s imultaneously,  

are used t o  determine t h e  o r b i t a l  parameters of a space vehic le .  Cer- 

t a i n l y  t h e  degree of p rec i s ion  t o  which these  measurements can be made 

w i l l  a f f e c t  t h e  p rec i s ion  t o  which o r b i t a l  parameters can be  determined. 

S ince  t h e s e  measurements are b a s i c a l l y  measurenients of t i m e  i n t e r v a l s  

and f requencies ,  i t  i s  r i g h t  and proper t o  cons ider  t h e o r e t i c a l  l i m i t a t i o n s  

on range and range- ra te  systems as p a r t  of t h i s  study. 

3.5.1 ACCURACY REQUIREHENTS 

Determination of NASA requirements f o r  p r e c i s e  t i m e  and frequency 

sources  and t i m e  synchronizat ion techniques i s  based on the  accuracy 

requirements of t h e  NASA space t racking  f a c i l i t l e s .  The accuracy r equ i r e -  

ments a f  space t r ack ing  f a c i l i t i e s  a r e  i n  t u r n  dependent upon s p e c i f i c  

mission p r o f i l e s .  fgission p r o f i l e s  can d i f f e r  one from another  considerably.  

For eAample, a space probe i n  t h e  v i c i n i t y  of Nars al lows t h e  p o s s i b i l i t y  c f  

many t r a n s f e r  o r b i t s .  The one which i s  f i n a l l y  decided upon l eaves  roon 

f o r  e r r o r  depending upon f a c i l i t i e s  provided i n  t h e  space v e h i c l e  t o  e f f e c t  

mid-course guidance and cor rec t ions  t o  the  planned o r b i t .  Hence, i t  i s  

d i f f i c u l t ,  i f  no t  impossible ,  t o  determine i n  an abso lu te  sense  t h e  accuracy 

requirements of space t r ack ing  F a c i l i t i e s .  But, i t  i s  safe t o  say t h a t  as 

t h e  d i s t ances  t r a v e l l e d  by space probes inc reases ,  the requirements imposed 

on t h e  accuracy of range and range- ra te  type d a t a  becomc more and more 

s t r i n g e n t .  Furthermore, i f  t he  p rec i s ion  i n  long-ten2 t r ack ing  of a space 
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probe can b e  increased ,  one r e s u l t  nay be  t o  e l imina te  the  need f o r  a 

s e p a r a t e  mid-course naviga t ion  s y s t e m  on board a p l ane ta ry  probe and 

thus  al low room f o r  an inc rease  i n  t h e  v e h i c l e ' s  instrumented payload. 

I n  a d d i t i o n  t o  t h i s ,  t h e r e  i s  a need f o r  p r e c i s e  t i m e  and frequency 

measurements i n  o rde r  t o  measure r e l a t i v i s t i c  e f f e c t s .  Therefore ,  i t  i s  

p rope r , i f  n o t  mandatory,to c r i t i c a l l y  examine t h e  e r r o r s  i n  range and 

range- ra te  t racking  systems; and, more s p e c i f i c a l l y  t o  examine t h a t  p a r t  

of t h e  e r r o r s  a t t r i b u t a b l e  t o  o s c i l l a t o r  i n s t a b i l i t i e s  of var ious  types.  

On t h e  o t h e r  hand, Smith and Harpe r  (1) made a comparison between 

a mid-course guidance system using ground t r ack ing  measurements €or  navi-  

g a t i o n  and a system us ing  both ground t r ack ing  and on-board o p t i c a l  da ta .  

The r e s u l t s  i n d i c a t e  t h a t  i n .bo th  systems, t h e  t r a j e c t o r y  u n c e r t a i n t i e s  

are reduced t o  l e v e l s  which are  i n s i g n i f i c a n t  compared t o  t h e  e r r o r s  i n  

mechanizing v e l o c i t y  co r rec t ions .  This  po in t  f u r t h e r  i n d i c a t e s  t h a t  i t  

may a e l l  be f r u i t l e s s  and uneconomical t o  develop range and range- ra te  

systems wi th  accurac ies  s i g n i f i c a n t l y  b e t t e r  than  p resen t ly  a v a i l a b l e  

un le s s  a major breakthrough i n  the mechanization of v e l o c i t y  c o r r e c t i o n  

i s  achieved. However, fo r  the  sake of completeness, t h e  exanina t ion  of 

range and range- ra te  e r r o r s  i n  a t r ack ing  system fol lows.  

3,.5.2 RANGE ERRORS 

A .de ta i l ed  a n a l y s i s  of the Goddard Range and Range-Rate-System 

was $erfoniied under con t r ac t  nunber NAS 5-1926 and is  a v a i l a b l e  i n  r e p o r t  

number W2719-2-1, Revision 1, 23 November 1962,  Sec t ion  V. 

I n  t h i s  z n a l y s i s ,  range e r r o r s  are grouped i n t o  two major 

c a t e g o r i e s ,  namely: 1) n o i s e  e r r o r s  and 2) dynamic e r r o r s .  The dynamic 

e r r o r s  are due t o  Doppler and Doppler rate on a s i g n a l  being t racked and 

c o n t r i b u t e  a b i a s  type e r r o r  t o  t h e  range da ta .  
\ .  

of o s c i l l a t o r  i n s t a b i l i t i e s  and as such need no t  be considered i n  the  

determinat ion of a s u i t a b l e  frequency source  f o r  a t r ack ing  s y s t e m .  

These e r r o r s  are independent 
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The noise errors are considered to be of t w o  types: 1) receiver 
noise which consists of the receiver excess noise, the antenna and 
galactic noise, and any noise received and retransmitted by the spacecraft, 
and 2) oscillator noise associated with all oscillators involved, including 
those generating the input signal, 
errors are as follows: 

The equations used to determine these 

I 

where: 
6 = rms phase error, degrees 

SI,, = signal io noise power ratio in the two-sided 
"' noise bandwidth. 

I\' 

2. Oscillator Noise 

i .- 

where: 
.-L 2 
t:,; = mean square error in radians 

1;' = loop gain 

. % = damping factor 

i;. .\. = undanped second order phase-lock loop natural frequency 
in radians per second I 

- 
i C ~  = equivalent coherent time representing the combined effect 

of all oscillators affecting loop  operation 
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- .. 

The r ece ive r  no i se  i s  a func t ion  of t h e  s igna l - to-noise  power 

r a t i o  i n  t h e  two-sided n o i s e  bandwidth only and thus con t r ibu te s  nothing 

i n  t h e  way of demands f o r  o s c i l l a t o r  s t a b i l i t y .  However, t h e  o s c i l l a t o r  

n o i s e  is  r e l a t e d  t o  t h e  coherence t i m e  of a l l  o s c i l l a t o r s  a f f e c t i n g  loop  

opera t ion .  The coherence time i s  the  tixe (usua l ly  i n  seconds) it: t akes  

t h e  phase of a s u b j e c t  o s c i l l a t o r ,  when compared t o  a p e r f e c t  o s c i l l a t o r ,  

t o  d r i f t  one rad ian  r m s .  

b u t  a n a l y s i s  of o s c i l l a t o r  n o i s e  a f f e c t i n g  phase-locked loops w a s  performed 

by Develet  (3). 

This d e f i n i t i o n  is  a t t r i b u t a b l e  t o  Edson (2), 

I n  t h e  Goddard Range and Range-Rate System, t h e  e r r o r  due t o  

o s c i l l a t o r  n o i s e  on the  range tones was found t o  be  n e g l i g i b l e  when 

compared t o  t h e  o the r  types of e r ro r s .  The e r r o r  due t o  r e c e i v e r  n o i s e  

a1or.e i s  more than 350 times t h a t  due t o  o s c i l l a t o r  no ise .  Therefore ,  t h e  

range measurement of t he  s y s t e m  i s  b a s i c a l l y  l imi t ed  by s igna l - to-noise  

cons idera t ions  and imposes no severe r e q u i r c m n t s  on o s c i l l a t o r  s t a b i l i t y .  

3 5.3 U'GE-RATE ERRORS 

Range-rate e r r o r s  are c lassed  as follows: 1) cyc le  count ing 

quan t i za t ion  no i se ,  2) coherent  o s c i l l a t o r  i n s t a b i l i t y ,  and 3 )  theimsl  

and noncohcrent o s c i l l a t o r  noise .  Of these ,  t he  f i r s t  i s  independent of 

o s c i l l a t o r  i n s t a b i l i t y ,  being r a t h e r  i nve r se ly  r e l a t e d  t o  t h e  product of 

t h e  t r a n s m i t t e r  and re fercnce  frequencies  and t h e  maximum al lowable cyc le  

count'ing time as follows: 

where: 
;C: , , I  = maximclm quant iza t ion  e r r o r  (nns) met/sec.  

12 = speed of l i g h t ,  3 )E 10 met/sec. 
4- = Doppler b i a s  frequency, h e r t z  

8 
.- \ -  

.> I, = maximu% 2-way doppler frequency, h e r t z  
/,i, = maximus allowable count ing t ime, sec .  

J\- = r e fe rence  frequency, h e r t z  
T .- = t ransni i t ted frequency, h e r t z  . -! 
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Even through t h e  maximum allowable c y c l e  count ing t i m e  may be  requi red  

s m a l l ,  t h e  product of t h e  t r ansmi t t e r  and re ference  f requencies  can be  

made q u i t e  l a r g e  reducing t h e  cycle  count ing quan t i za t ion  no i se  t o  almost 

any amount des i red .  

t h e  s t a b i l i t y  s p e c i f i c a t i o n  of a systeri's o s c i l l a t o r .  

Thus, t h i s  type of no i se  does n o t  r e a l l y  e n t e r  i n to  

The coherent  o s c i l l a t o r  i n s t a b i l i t y  and t h e  thermal and non- 

coherent  o s c i l l a t o r  no i se  are sub jec t s  of another  paper by Develet ( 4 ) .  
I n  t h i s  paper ,  t h e  thermal and noncoherent o s c i l l a t o r  n o i s e  i s  r e f e r r e d  

t o  as a d d i t i v e  whi te  Gaussian rece iver  no ise .  This type of n o i s e  i s  

i n d i r e c t l y  a func t ion  of o s c i l l a t o r  coherence t i m e  s i n c e  i t  i s  r e l a t e d  t o  

t h e  s igna l - to-noise  power r a t i o  i n  t h e  phase-lock loop two-sided n o i s e  

bandwidth which i s  i n  t u r n  a . func t ion  of t h e  equiva len t  coherence t i m e  

of a l l  o s c i l l a t o r s  a f f e c t i n g  loop opera t ion .  

carrier l o o p ,  must b e  considered,  

coherent  measurement due t o  thermal and voncoherent o s c i l l a t o r  n o i s e  

may be  found from: 

Both t h e  carrier and sub- 

The ms range- ra te  e r r o r  f o r  a two-way 

. ,,- 1' = normalized range-rate  e r r o r  

\;; -,-= rns range-rate  e r r o r  

~ = t ransmi t ted  rad ia ted  fsequency radj.ans/sec. 

' L '  - = undamped second o rde r  phase-lock loop  n a t u r a l  
frequency, rad isec .  

8 
c = speed of l i g h t ,  3x30 met/sec. 

3 '\ 

j b - j <  two-sided noise bandwidth 
= s igna l - to-noise  po.cer r a t i o  i n  t h e  phase-lock loop 

I 



The nns value  of t h e  range- ra te  e r r o r  due t o  coherent  o s c i l l a t o r  

i n s t a b i l i t y  i s  shown by Develet t o  be  r e l a t e d  t o  t h e  t r a n s m i t t e r  r a d i a t e d  

frequency coherence t i m e  as follows: 

.- 

where: 

= rms range- ra te  e r r o r  f o r  a two-way coherent  c 

jlli .,.,L. measurement, met/sec. 

C = speed of l i g h t ,  3x10 met/sec. 8 

. .  
L ~ ~ . ~  = t r a n s m i t t e r  r ad ia t ed  frequency, r ad ians l sec .  
.- - 

= cycle-counting i n t e r v a l  (smoothing t ime) ,  seconds 

.-'r = round t r i p  t r a n s i t  t i m e ,  seconds 

= coherence t i m e  of t h e  t r a n s m i t t e r  rridiated 
frequency, seconds 

Thus, t he  . range-rate  e r r o r  budget ass igned t o  thermal and noncoherent 

osc i l ' l a tor  n o i s e  and coherent  i n s t a b i l i t y  can be reduced s u b s t a n t i a l l y  

by inc reas ing  t h e  o s c i l l a t o r  coherence time ( a l l  o the r  f a c t o r s  being 

equal ) .  

t h i s  d i scuss ion .  

1ncl.uded i n  Appendix I11 are  a l l  t h e  cquct ions p c r t a i n l n g  t o  

Appendix IV conta ins  t h e  a p p l i c a t i o n  of t he  t h e o r e t i c a l  a n a l y s i s  

f o r  t h e  l i m i t a t i o n s  on range and range- ra te  systenis prev ious ly  descr ibed .  
\ .  

It inc ludes  graphs which r e l a t e  the r m s  v d u c  of t h e  r sngc - ra t e  e r r o r  

due t o  coherent  o s c i l l a t o r  i n s t a b i l i t y  t o  var ious  system parameters and 

use of t h e  d a t a  presented.  
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4 .  CONCLUSIONS AND RECOMMENDATIONS 

4.1 CONCLUSIONS 

The r e s u l t s  obtained from the in te rv iews  and ques t ionnai res  i nd ica t ed  

t h a t  i n  gene rz l the  present  s t a t e  of t he  a r t  C a p a b i l i t i e s  f o r  p r e c i s e  t ine and 

frequency are s u f f i c i e n t  t o  meet NASA requirements.  However, t h i s  conclusion 

is  based on a small sampling of NASA engineers ,  and p r imar i ly  those  t h a t  are 

i n  t h e  f i e l d  respons ib le  f o r  cur ren t  opera t ions .  The engineers  a t  these  s i tes  

can m e e t  t hese  l o c a l  t i m e  and frequency requirements w i t h  p re sen t  and/or 

planned implementations and, un le s s  d i r e c t e d  t o  prepare f o r  time and frequency 

c a p a b i l i t y  s u b s t a n t i a l l y  i n  excess of t hese  requirements they cons ider  t h e i r  

p re sen t  f a c i l i t i e s  as being adequate. Therefore ,  due t o  the  l i m i t e d  number 

of ques t ionnai res  re turned  and ' interviews completed, t h e  conclusion t h a t  

c u r r e n t  c a p a b i l i t i e s  are s u f f i c i e n t  must be considered as inconclus ive  f o r  

f u t u r e  planning. 

To ob ta in  t h e  narrow bandwidths requi red  f o r  deep space comnunications 

and t o  d e t e c t  Doppler f requencies  used i n  de t en i in ing  range r a t e s  f o r  t r ack ing ,  

phase lock  loop r ece ive r s  are used. These techniques r e q u i r e  o s c i l l a t o r s  w i th  

good s h o r t  term s t a b i l i t y  t o  minimize t h e  e r r o r  budget due t o  o s c i l l a t o r  per -  

t u rba t ions .  A s t r i n g e n t  requirement irnposed i n  one system requirement i s  t o  

r e s o l v e  range rate t o  0.01 meters/sec.  

due t o  phase n o i s e  of t he  VCO was ca l cu la t ed  t o  be 0.0094 meters /sec.  

c a t i o n  pf t he  graphs p l o t t e d  i n  Appendix D (based on the  t h e o r e t i c a l  a n a l y s i s )  

provides  coherence t i m e  as a funct ion of t r a n s i t  and smoothing t imes.  A s  an 

example, f o r  t r a n s i t  t i m e  of 100 sec (Venus) and smoothing time of 5 s e c ,  t h e  
2 coherence time requirement i s  5 x 10 seconds f o r  t h e  master o s c i l l a t o r .  

In t h i s  ca se  the  allowable e r r o r  budget 

Appli-  

The above i s  i n d i c a t i v e  of the  inc reas ing  requirement f o r  frequency 

s t a b i l i t y .  However, even though cur ren t  NASA implementation may no t  be 

adequate 20 support  soire of the  advzneed p r o g r a m ,  t h e r e  i s  always t h e  p o s s i b i l i t y  

t h a t  no t  a l l  of t hese  programs will bccozie ope ra t iona l .  Hence, as new programs 

are descr ibed  wi th  an impact on t i n e  and frequency care must be taken t o  f i r s t  

determine the  p r o b a b i l i t y  t h a t  the  experiracnt w i l l  become a r e a l i t y .  
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The c e n t r a l i z e d  t i m e  and frequency con t ro l  system wi th  d i s t r i b u t i o n  

t o  u s e r s  c u r r e n t l y  being implemented a t  Cape Kennedy, should prove economi- 

c a l l y  advantageous t o  NASA i n s t ead  of t h e  cu r ren t  method of p r e c i s i o n  

o s c i l l a t o r s  and coinparison equipment a t  each us ing  s i t e  (wi th in  one complex). 

This  c e n t r a l i z e d  technique assures  each u s e r  of increased  c a p a b i l i t y  as the  

c e n t r a l  f a c i l i t y  i s  updated r a t h e r  than  a cont inuing replacement of equip- 

ment by each user .  Both personnel and equipment econonies can be achieved 

w i t h  t h i s  c e n t r a l i z e d  approach and t h e  requirements f o r  continuous o r  

p e r i o d i c  comparison and c a l i b r a t i o n  by t h e  u s e r  may be de le ted .  

n i z a t i o n  of remote complexes i s  a l s o  s i m p l i f i e d  wi th  only one t i m e  and 

freqtlency complex w i t h i n  a NASA f a c i l i t y .  

Synchro- 

It i s  t h e r e f o r e  concluded t h a t  p re sen t  NASA implementation of t ime 

and frequency equipment i s  adequate to  meet i d e n t i f  i c d  requirements,  bu t  

t h a t  f u r t h e r  s tudy  and d e f i n i t i o n  of f u t u r e  space r e sez rch  i s  requi red .  

These inc lude  t h e  impact of time-frequency scmrces on laser system, r e f i n e -  

ments of deep space t r ack ing  and com:nunicaticn system, re -en t ry  guidance 

system, e t c .  I n  f u t u r e  planning,  t h e  economic cons ide ra t ions  .?..nd ex tens ion  

of requirements m e r i t  cons idera t ion  of t h e  genera l  u se  of c e n t r a l  t i m e  and 

frequency con t ro l  w i t h i n  each M S A  coxplex. 

. I n  the  performancB of the s tudy  s e v e r a l  problem areas were uncovered 

which r equ i r e  cons idera t ion  by personnel at. GSFC. Recorrncndations f o r  

c l a r i f y i n g  these  areas follow: 

1. I n  the  d iscuss ions  wi th  s c i e n t i s t s  and engineers concerning 

t h e i r  p rob lem a n d / o r  recpirernents a c c r t a i n  anotint of confustoii e x i s t e d  i n  

tciiainology and i n  c o n s e y i n ~  requiremcnts and chicvezents  hetT5;een the  i n t e r -  

viewed and t h e  in te rv iewer .  l n  p a r t i c u l a r  thc needs which engineers have 

are not  ali:a;vs expressed i n  a language comnon t c ?  a l l .  

cussed wi th  Dr. El  ie Ba&dadhy ( S C C  par&. 3 . 2 . 3 )  who suggested t h r e e  fa r , to rs  

T h i s  sub jec t  was d i s -  
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- .b 

t o  d e f i n e  a requirement f o r  frequency. 

t h e  i n t e r e s t  shown by t h e  major i ty  of those  interviewed on t h e  cu r ren t  

and a n t i c i p a t e d  c h a r a c t e r i s t i c s  of t i m e  and frequency, i t  would be 

advantageous f o r  GSFC t o  i s s u e  a technica l  n o t e ,  o r  equ iva len t ,  on t h i s  

sub jec t .  

terminology f o r  frequency s t a b i l i t y ,  desc r ip t ions  of frequency s t anda rds ,  

methods f o r  t i m e  synchronizat ion,  e t c .  With t h i s  background NASA sc i en -  

t ists  would b e  encouraged t o  p l an  experiments and programs which take  

f u l l  advantage of t he  p re sen t  and predic ted  p rec i s ion  t i m e  and frequency 

c a p a b i l i t i e s ,  

However, i t  appears t h a t  from 

Such ii r e p o r t  should conta in  d e f i n i t i o n s  and explana t ions  of 

2. When d a t a  i s  co l l ec t ed  a t  t h e  var ious  t r ack ing  s i tes ,  i t  i s  

t ransmi t ted  t o  SPACON a t  Goddard where i t  i s  fed  i n t o  computers f o r  

determining t h e  o r b i t  param2ter and f o r  t he  processing of t e l e n e t r y  da ta .  

Problem areas i n  t h e  reduct ion  of t h i s  d a t a  appears t o  be i n  t h e  respons i -  

b i l i t y  f o r  making t h e  c o r r e c t  compensation f o r  yropagacion de lay  and t h e  

techniques employed f o r  recording time on t h e  tapes. 

area i n  p a r t i c u l a r  minimizes the  e f f ec t iveness  of providing accu ra t e  t ime,  

i t  is  recornended t h a t  GSFC p a r t i c i p a t e  i n  f u r t h e r  l i a i s o n  wi th  t h e  cog- 

n i z a n t  personnel and c o r r e c t  these d e f i c i e n c i e s .  

As t h e  l a t t e r  probleni 

3 .  A t  t h e  Kennedy Space F l igh t  Center i t  was l earned  t h a t  a l though 

a . t i m e  synchroniza t ion  technique is  c u r r e n t l y  being implemented t h a t  wi1.I. 

su rpass  t h e i r  needs,  t h e  d i s t r i b u t i o n  of timed events  throughout- t h e  APIR 

sys t e& is i n  need of improvement. A timod event  would inc lude  an event  

such as l i f t o f f .  The d i f f i c u l t y  appears t o  be p r imar i ly  i n  determining 

t h e  a c t u a l  occurance of such an event,  and i t s  subsequent d i s t r i b u t i o n  t o  

t h e  many users .  

a c c u r a t e  d i s t r i b u t i o n  of t h e  required t ime s i g n a l s .  

Addit ional  i nves t igc t ion  by FSFC i s  recoiniiended t o  i n s u r e  

4 .  A method f o r  acqui r ing  a d d i t i o n a l  information might be  found 
\ .  

i n  t h e  d i s t r i b u t i o n  of a new qces t ionnzi re  conta in ing  ques t ions  concerned 

wi th  systein requirements r a t h e r  than time and frequency needs.  This type 
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of  ques t ionna i r e  would be d i f f i c u l t  t o  prepare s i n c e  i t  must cover a 

v a r i e t y  of systems each wi th  t h e i r  unique parameters,  The i n t e n t  of 

t h e  ITTFL interviews was t o  ob ta in  such d a t a  s i n c e  t h e  in te rv iewer  had 

t h e  f l e x i b i l i t y  of framing h i s  quest ions t o  make them p e r t i n e n t  t o  the  

s u b j e c t  of  t h e  interview.  The success of such a ques t ionnai re  i s  d i f -  

f i c u l t  t o  p r e d i c t ,  bu t  should be given f u r t h e r  cons ide ra t ion  i n  an a t tempt  

t o  c o l l e c t  as much d a t a  as poss ib le  frcm which dec i s ions  can be based. 

5 .  During t h e  l a t te r  months of t h e  s tudy  a survey w a s  made of 

t h e  t h e o r e t i c a l  l i m i t a t i o n s  on the  Goddard Range and Range-Rate t r ack ing  

system. This work def ined the  major c o n t r i b u t o r s  t o  e r r o r s  and r e l a t e d  

t h e  al lowable e r r o r s  t o  system parameters. This a n a l y s i s  shoxed t h a t  

t h e  major con t r ibu to r  t o  e r r o r  was t h e  phase n o i s e  of t he  o s c i l l a t o r .  

Therefore ,  i n  o rde r  t o  iiriprove the  accuracy of t h e  systern t h e  o s c i l l a t o r  

c h a r a c t e r i s t i c s  niust be improved. A s  a t o o l  f o r  spec i fy ing  tlie requi red  

parameters ,  Sect:ion 3 conta ins  graphs t h a t  r e l a t e  o s c i l l a t o r  s t a b i l i t y  

wi th  range- ra te  e r r o r s  as a funct ion of smoothing t i m e  and t r a n s i t  time. 

With these  graphs,  GSFC can e s t a b l i s h  c e r t a i n  c r i te r ia  p e r t i n e n t  t o  t h e  

success  of a program, and determine t h e  param.zters of t h e  o s c i l l a t o r  

requi red .  

- 

However, two add i t iona l  f a c t o r s  must be  considered when cons ider ing  

t h e  problem. These are: (1) a deEin i t ion  of s h o r t  t e r n  s t a b i l i t y  n u s t  be 

e s t a b l i s h e d  which i s  meaningful t o  both the  user and the manufacturer,  and 

(2)  f u r t h e r  improvements i n  o s c i l l a t o r  s t a b i l i t y  mast be matched by an 

improvement i n  the oechanizat ion of v e l o c i t y  co r rec t ions  on the  spacec ra f t .  

Since t h e r e  a r e  a number of o t h e r  systeras i n  use  by t h e  NASA, i t  

i s  a l s o  reconmended t h a t  similar t y p e s  of a n a l y s i s  b e  p e r f o r m d  on these  

s o  t h a t  t h e o r e t i c a l  l i m i t a t i o n s  can b e  e s t a b l i s h e d ,  and the  a f f e c t s  of 

improvi.ng tiniz and frequency pnrcinetcrs determined. 
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6 .  A recent input  from J P L  i nd ica t ed  a requirement f o r  r e l a t i v e  

t iming of 5 t o  30 usec between the  s t a t i o n s  of t h e  network, and a r e l a t i v e  v 

- v  t i m e  of less than 5 usec wi th in  a s t a t i o n .  A s  t ime d i d  no t  permit a f u l l  

i n v e s t i g a t i o n  of t h i s  requirement,  i t  i s  reconmended t h a t  GSFC explore  i t  

f u r t h e r  t o  j u s t i f y  the  need and determine equipment requirements f o r  imple- 

mentation. 

7. Addit ional  s tudy  i s  warranted i n  t h e  a p p l i c a t i o n  of lasers 

f o r  communications due t o  t h e i r  bas i c  advantage of coherence. 

a method of phase locking two l a s e r s  must be perfec ted  i n  o rde r  t o  use a 

coherent  r ece ive r .  If the  a p p l i c a t i o n  of lasers f a l l s  w i t h i n  t h e  scope 

of t h i s  s tudy ,  f u r t h e r  i nves t iga t ion  i s  recommended, p a r t i c u l a r l y  s i n c e  

i t  has  been shown t h a t  1asers.will  become of i nc reas ing  importance t o  space  

r e sea rch  i n  f u t u r e  years .  

However, 
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To insure  t h a t  the a n a l y s i s  of the  ques t ionnai res  w i l l  not be influenced 
by the  sources  of t he  r e p l i e s ,  the cover shee t  of the ques t ionnai re  will not  
be forwarded t o  ITT, b u t  w i l l  remain with the  technica l  s t a f f  of t he  GSFC. 

To insure  u n i f o r d f y  of  tile r e p l i e s ,  w e  are us ing  the  following accepted 
d e f i n i t i o n s :  

Prec is ion  regresents  the average r ep roduc ib i l i t y  of a 
frequency by ind iv idua l  alignment and is  l imi ted  pr imar i ly  by 
the provis ion of the adjustment con t ro l .  
def ined by the  f r a c t i o n a l  standard devia t ion  of frequency ( t i m e )  
comparisons with respec t  t o  a primary reference s tandard.  

Lack of  prec is ion  i s  

Accuracy i s  l imi ted  by e r r o r s  which are inherent  i n  the  
equipment and cannot be eliminated. 
t he  average f r a c t i o n a l  deviat ion from a primary reference 
s tandard.  

Inaccuracy i s  def ined  as 

S t a b i l i t y  is t he  freedom from change due t o  any cause 
wi th in  a given t i m e  per iod.  
per  10" f o r  t he  period of measurement. 
may be expressed i n  p a r t s  per 1O1O fo r  a mil l isecond,  10 
mil l iseconds,  100 milliseconds,  1 second, o r  10 econds. Long- 
t e r m  s t a b i l i t y  may be expressed i n  p a r t s  per  10" €or hour( s), 
day( s), o r  inonth( s) . 

S t a b i l i t y  i s  expressed i n  p a r t s  
Short-term s t a b i l i t y  

Resolution de f ines  the  acceptable to le rance  with which two 
s i g n a l s  can be d is t inguished  when one i s  e s t ab l i shed  as the  primary 
re ference .  

I n  the space provided f o r  coments  suggested top ic s  may include:  Systeil1, 
redundancy; f a i l u r e  rate of the s y s t e m ;  standby equipment; method of  frequency/ 
t i m e  comparison; method used t o  synchronize (nanual  o r  automatic) ;  suggested 
ways t o  improve present  s y s t e m ;  requirements foreseen; and experiments, 
cu r ren t  and planned, 

I f  you snould be w i l l i n g  t o  discuss  your requireLtients with members of 
t he  t echn ica l  s t a f f  from the GSFC or  ITT p lease  ind ica t e :  

Ye s Suggested da te  
No - 

Please  give your: 

~ 

T i t l e :  

Address : 

Telephone : 

Please r e t u r n  t o :  Mr. S. C. Wardrip, Code 521 
Goddard Space F l igh t  Center 
Greenbe It,  Maryland 
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I. IMMeDIATE REQUIREMENTS - FREQUENCY 

Br ie f  statement of frequency requirements imposed by present  system. 
Addit ional  space may be used under comments: 

A .  Frequency( ies) used i n  present  system( s) : (note :  do not  include output 
of f req .  s td s . )  

B .  Precis ion required:  

fo r  (a) for  (b )  f o r  ( c )  

C.  Resolution required:  

f o r  ( a )  f o r  (b) f o r  ( c )  

D . Accuracy required : 

fo r  (a) f o r  (b) f o r  ( c )  

E .  Short-term s t a b i l i t y  required:  

f o r  ( a )  fo r  (b) fo r  (c )  

F. Long-term s t a b i l i t y  required: 

f o r  (a )  fo r  (b )  f o r  ( c )  

G .  Please spec i fy  reference s tandard(s)  used - make and model: 

1. Atomic cont ro l led :  gas c e l l  
beam tube 
maser 

2. Crys ta l  cont ro l led :  5.0 m c / s  
2.5 mc/s 
other  

H. Output frequency of s tandards used: 
5.0 mc/s 2.5 mc/s 1.0 mc/s looks/ s o the r  

I. Coiniient on the  r e l i a b i l i t y  of s tandard(s)  present ly  used: 

J .  Comments: 



. 
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11. IMMEDIATE REQUIREMENTS (CONT.) - TIME 

Br ie f  statement of time requirements imposed by present  system: 

A .  'Time code(s) now used such as any o f  the  NASA o r  IRIG codes: 

(4 (b) ( 4 

( d)  (4 ( f )  ( g )  

B.  Tirning pulse  r e p e t i t i o n  rates required: 

C .  Resolution of B - i .e. ,  de tec t ion  o f  start of pulse:  

f o r  ( d )  f o r  ( e )  for ( f )  for (8) 

for ( d )  f o r  ( e )  f o r  ( f )  for  ( g >  

D.  Allowable j i t t e r  of B: 

E .  Timing pu l ses  now derived from: 

t i i n e  code d i g i t a l  clock o t h e r  ( spec i fy )  

F.  S i n a l l e s t  required epoch: 

G. Type of redundancy used f o r  f a i l  s a f e  opera t ions :  

H .  Appl icat ions ( u n c l a s s i f i e d  only)  : 

1. Coinments: 
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111. IMMEDIATE PdQUIREMENTS (CONT. - STATION TIMd SYNCRHONIZATION 
v 

Brief statement of time synchronization requirements imposed by present systeu: 

A .  Accuracy achieved with respect t o :  

UT 2 AT Sidereal other 

B .  Resolution required: 

C .  Relative accuracy achieved between: 

station networks (or)  intra range 

D .  Resolution required for ( C ) :  

d .  dxternal synchronization reference used such as kWV, VLF, portable clock, e t c . :  

F .  Techniques used for local  synchronization: 

G .  Frequency of corrections needed to  maintain synchronization: 

H .  Comments: 
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IV. REQUIREMENTS FOR NEXT TEN YEARS - FREQUENCY 

Brief  s ta tements  of  fu ture  requirements: 
2 

A .  Frequency( i es )  required:  (note:  do not  include outputs  of frequency s tandards)  

( a )  (b) ( 4 ( d l  

B .  P rec is ion  required:  

f o r  ( a )  f o r  ( b )  f o r  ( c )  f o r  ( d )  

C . Resolution required:  

f o r  ( a )  f o r  ( b )  f o r  ( c )  f o r  ( d )  

D . Accuracy required : 

f o r  (a) f o r  (b )  f o r  ( c )  f o r  ( d )  

E .  Short-term s t a b i l i t y  required:  

f o r  (a)  f o r  (b) f o r  ( c )  f o r  ( d )  

F.  Long-tenn s t a b i l i t y  required:  

f o r  (a) f o r  ( b )  f o r  ( c )  f o r  ( d )  

G.  P lease  spec i fy  reference standards recommended: 

1. Atonic cont ro l led :  gas c e l l  bean tube inaser 

2. Crys t a l  cont ro l led :  5 .Omc/s 2.5 l*lC/S o the r  
AT cu t ,  5 t h  overtone 

H.  Output frequency of s tandards required : 

o the r  - 5.0 mc/s 2.5 mc/s 1.0 mc/s 100 ksj’s 

I. Coinments: 
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V . REQUIREMZNTS FOR NEXT TdN YEARS (CON" .) - T W  

Brief  statement of fu tu re  t i m e  requirements: 

A .  Time code( s) recommended (use add i t iona l  shee t  i f  necessary) : 

B .  Tiining pulse  r e p e t i t i o n  ratas required: 

(a) (b) ( 4 (4 
C. Resolbtion of t iming pulses  for  B: 

f o r  (a) f o r  ( b )  f o r  ( c )  f o r  ( d )  

D .  Allowable j i t t e r  of B: 

f o r  (a )  f o r  (b) f o r  ( c )  f o r  ( d )  

3. Smallest  requi red  epoch: 

F. Applicat ions ( u n c l a s s i f i e d  only) 

6. Comments: 
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I -  

RE 1UIREMENTS FOR NEXT TEN YEARS (CONT.) - ST TION TIME SYNCHRONIZ 

Brief  s t a t enen t  of fu tu re  time synchronization requirements: 

Page 6 of 6 

TION 

A.  Accuracy with respec t  t o :  

UT 2 AT Side rea l  o the r  

B .  Resolution required f o r  (A )  

C .  Rela t ive  accuracy requi red  between: 

s t a t i o n  networks (or)  i n t r a  range 

D .  Resolution required f o r  (C) :  

i3. Zxterna l  synchxonization reference recommended: 

F. Techniques recomnended for local synchronizat ion:  

G.  Methods of automatic synchronization considered: 



1. 

21 

3 .  

4 .  

5. 

6. 

7. 

8 .  

A P P E N D I X  I1 

LITERATURE SEARCH - I N D E X E S  REVIEWED 

Astronautics Information Abstracts 

International Aerospace Abstracts 

Air Force Scientific Research Bibliography 

Applied Science and Technology Index 

The Engineering Index 

Instruments Abstracts 

Science and Technical Aerospace Reports  

Technical 4-bstracts Bulletin (DDC) 

. 
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APPENDIX I11 

SUMMARY OF EQUATIONS USED I N  THE SURVEY OF THEORETICAL LIMITATIONS: 

where: 
- 

L - ~ .  = rms phase e r r o r  i n  degrees  

= s i g n a l  t o  no i se  power r a t i o  i n  the  
two- s ided no i s  e bandwidth -7 2.' 

2 .  O s c i l l a t o r  Noise: 

where: 

7 2 
= mean square e r r o r  i n  rad ians  

I C  = loop gc in  

- ;  = damping f a c t o r  

I ,  /. = u n d a q e d  second order  phase lock l o o p  n a t u r a l  
frequency i n  rad iens  p e r  second 

I <I!. = equiva len t  co!1ercnce time rep resen t ing  the 
combined e f f ec t  of a l l  o s c i l l a t o r s  
a f f e c t i n g  loop  operat-ion 
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3 .  Range Rate Errors  

(a ) ,  Cycle count ing quant iza t ion  no i se  

where: 

c? 
\ & \  - - maximum quant iza t ion  e r r o r  (ms) met/sec. 

'' = speed of l i g h t ,  3 x10 net/sec. 

i,- = doppler  b ias  frequency, h e r t z  

3 ($., = maximum 2-.(7ay doypler  f rcquency , h e r t z  

,( r i  = maximum allowable coui1ti1lg t i n e ,  s e c .  

f.,- = r e fe rence  frequency, h e r t z  

),t = t ransmi t ted  frequency, h e r t z  

8 

e- 

(b ) .  Them.al and noncoherent o s c i l l a t o r  no i se  

where: 

-i, = normalized range- ra te  e r r o r  

\t , . I  - =  rins range- ra te  e r r o r  

', 
< L  I I 

= t ransmit ted r a d i a t e d  f requcncy rad icns /scc .  

= undamped second order  phase-lock loop  
n z t u r a l  frequency, ra,d!sec. 

8 
<' = speed of l i g h t ,  3 x 10  met/sec. 

' 5  = s igna l - to -no i se  power r a t i o  i n  t h e  
phzs e- l o c k  loop  two-sided noise  banc5idth \ -r- L 
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3 .  Range Rate Errors  (continued) 

(c).  Coherent o s c i l l a t o r  i n s t a b i l i t y  

where: 
C'- (' 2 
\c,b?.;- = rms range-rate  e r r o r  f o r  a two-way coherent  

measurement, met/sec. 

C = speed of l i g h t  

k:i = t r ansmi t t e r  r ad ia t ed  frequency, rad ians /sec .  
.-i- 

,+ 
T ~ -  = coherence t i m e  of t h e  t r a n s m i t t e r  

r ad ia t ed  frequency, sec .  

= cycle  counting i n t e r v a l  (smoothing t i m e ,  sec.) 

= round t r i p  t r a n s i t  t i m e ,  seconds 

(d ) .  Tota l  m s  range- ra te  e r r o r  

. 
where: 

(-7 

b A ,  
A,, 

= t o t21  ms range- ra te  e r r o r  

= r m s  range-rate  error due t o  cyc le  
' I  counting quant iza t ion  no i se  

L = rnis range-rate e r r o r  due t o  coherent  
o s c i l l a t o r  i n s t a b i l i t y  

and ncncoherent o s c i l l a t o r  noise 
> = rm range-ratc e r r o r  duc t o  thei-31 

' L -  \ 
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APPENDIX IV 

APPLICATION OF THEORETICAL ~- LIMITATIONS ON RANGE AND RAXGE"R4TE SYSTEHS 

I n  a range and range- ra te  measurement system, o s c i l l a t o r  s t a b i l i t y  

requirements may be de te rn ined  from t h e  al lowable e r r o r s  i n  t h e  range- ra te  

measurement a lone ,  s i n c e  the  range measurement i s  b a s i c a l l y  l i m i t e d  by 

s igna l - to -no i se  i n  t h e  r ece ive r  bandwidth. The t h r e e  major c o n t r i b u t o r s  t o  

r ange - ra t e  e r r o r  are: 1) cycle  counting quan t i za t ion  noise ,  2) coherent  

o s c i l l a t o r  i n s t a b i l i t y ,  and 3) thermal and noncoherent o s c i l l a t o r  no ise .  

Total system e r r o r  i n  range- ra te  may be  c a l c u l a t e d  by tak ing  t h e  square- root  

of t h e  sum of t h e  squares  of each of t hese  e r r o r  components, thus: 

where: ~, 
v- .?r = Tota l  ms range- ra te  e r r o r  
C = Rms range- ra te  e r r o r  due t o  cyc le  count ing 

-J.'/.- i 

/'L = Rms range- ra te  e r r o r  due t o  coherent  

quant iza t ion  no i se  

o s c i l l z t o r  i n s t a b i l i t y  
-< i -  

.'I , = Rms range- ra te  e r r o r  due t o  thermal 
4 1 -' and noncohcccnt o s c i l l a t o r  noise .  

Each of t hese  e r r o r  compone'nts rnay i n  t u r n  be  c a l c u l a t e d  from the  systcrn 

p a r m e t e r s  by us ing  t h e  equat ions contained i n  Appendix 111. On t h e  o t h e r  

hand, i f  i t  i s  des i r ed  t o  de te rn ine  sonin, of t h2  system parameters ,  one may 

a r b i t r a r i l y  a s s ign  e r r o r  ELdgets t o  each of t h e  con t r ibu t ing  sources such 

t h a t  t h e  t o t a l  E n s  range- ra te  e r r o r  f a l l s  w i t h i n  t h e  requirement of t h c  

system. 

y i e l d  thc \pzramctcrs  of i n t e r e s t .  

In t h i s  way i t  is poss ib le  t o  trianipula.te t he  e n o r  equat ions t o  

A t  t h e  end of this s e c t i o n  a r e  graphs of D e v d e t ' s  equat ions r e l a t i n g  

t h e  rms value of t h e  range-rate erroi- d u e  t o  coherent  o s c i l l a t o r  i n s t a b i l i t y  

IV- 1 
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'1 

t l  

to var ious  system parameters.  Among t h e s e  parane ters  i s  t h e  coherence 

t i m e  of t h e  t r a n s m i t t e r  r a d i a t e d  frequency. This  i s ,  i n  e f f e c t ,  a 

s p e c i f i c a t i o n  of o s c i l l a t o r  stability, s i n c e  t h e  coherence t ime i s  def ined  

by Edsoii (2) as t h e  time (usua l ly  i n  seconds) i t  takes  t h e  phase of a sub- 

ject o s c i l l a t o r  when compared t o  a p e r f e c t  o s c i l l a t o r  t o  change s t a t i s t i c a l l y  

by one rad ian  r m s .  

r a d i a t e d  frequency by a m u l t i p l i e r  cha in ,  t h e  coherence t i m e  i s  a func t ion  

of t h e  m u l t i p l i c a t i o n  f a c t o r  and behaves i n  accordance w i t h  t h e  fol lowing 

s imple expression: 

I f  t h e  o s c i l l a t o r  frequency i s  m u l t i p l i e d  up t o  t h e  

where: 

= coherence t i m e  of t h e  lower frequency 

= coherence t i m e  of t he  h igher  frequency 

Tcf 

Tcfp 

M = frequency m u l t i p l i c a t i o n  f a c t o r  

.me can ge t  a f a i r l y  good e s t ima te  of the ozc i l l t r t o r  coherence 

time requi red  by examining the  e r r o r  budget a1 l o t t e d  t o  coherent  - o s c i l l a t o r  

instab ' i l - i ty  i n  l i g h t  of Devclet's equat ions.  

graphs of t hese  equat ions and can b e  used t o  quick ly  detcnnine the  e f f e c t  

of coherent  o s c i l l a t o r  i n s t a b i l i t y  upon r ange - ra t e  error.  

F igures  IV-1 and IV-2 are 

To i l l u s t r a t e  t h e  use  of these  graphs,  cons idcr  t he  problcin of 

determining t h e  range- ra te  error cont r ibu ted  by coherent  o . ;c i l la tos  i n -  

s t a b i l i t y  i n  t h e  Goddard Range and Range-Rate System. 

measiircmcnt of range-yate  i s  t o  bc. made a t  la rge  d i s t ances  s o  thc t  the 

two-way t r a n s i t  t i r i l e ,  ; 

C.ssu!ne t h a t  L? 
\ .  

\/ , is la rge ;  and,  t h a t  tile srnoothing tfclc, T ,  is to 



be kept very short in order to permit rapid determination of orbit 
parameters. 
Therefore, the applicable equation is: 

-- All this is to say that the range of .?', is 1 L: - '?? c: - -A . 4- I 

For the Goddard Range and Range-Rate System, 

9 
= 2.271 x 10 hertz 

fO 

Tc 

T = 0.0655 seconds 
= 7.7 seconds (at fo) 

8 c = 3 x 10 meters/second 

Substituting these values into the above equation, 
8 3 x 10 v 

.. erms 
- - 

2i'! x 2.271 x lo9 x 2 x 0.0655 x 7.7 P 

= 0.0209 met/sec. 
erms P 

Il&?cver; instead of calculzting t h e  r a n h e - r a t e  e r r o r  d i r e c t l y  froin thc 

equation, one could use the grzph of Figure IV-2. 
and T = 0,0655 seconds,  one obtains: 

For Tc = 7.7 seconds . 
7 

= 4.8 x 10 h e r t z  x met/sec.  
fo Eerlns 

and , 
7 

\ . E  - I 4 . 8  x 10 = 0.0212 met/sec. ------- 
9 enns 

2.271 x 10 

In  the w.se 01 the  Mistran: System, t h e  o s c i l l a t o r  stability i s  

specified in tcix.is of p h s e  error es be ing  l e s s  thsn 40-degrees mi._: 

in lO-nill~iseconds ~t t he  t rons !a i t t e s  rad ia ted  frccpc ncy (8 .148-CI - :~ )  , 

IV- 3 



The coherence t i m e  of fo can be ca lcu la ted  by d i r e c t  proport ion as follows: 

57*3 = 1.4325 x seconds -3 -- 10 x 10 x Tc 
40 

The maximum range at  which the  system maintains f u l l  accuracy i s  600-naut ical  

m i l e s  or 1112-kilometers. Hence, 

3 
= 7.4132 x 10 seconds .y = 2R = 2 x 1112-Km - 

5 C 3 x 10 -Km/sec. 

Assume a value for t he  smoothing time -- 0.5 seconds is reasonable.  

= 1.4826 x loo2 7.4132 x :Y = -- 
I 

0.5 

a f i s  i n  the  range c’ < -L- 4 and one can use t h e  graph of i- - 1  Hence, -:: 
Figurc I V - 1 ,  

I 

-4 2 .‘T’ Tc = 7.4132 X x 1.4325 x lo-’ = 1.06 x 10 sec. 

From the graph, 

7 
SL: 4.6 x 10 he r t z  x met/sec. 

fo +erns 

so t h a t ,  

-3  
= 5.7079 x 1 C  met/sec = 4.6 x lo7  

C?YXlS 
P 

8.148 l o 9  

P = 0.57079 cinlsec. ems 

IV-4  



The Mistram System claims an accuracy in range-rate of 0.02 feet/sec. 
or 0.6096-cm/sec. 

calculation and the difference may be explained by recalling that the 

above calculation is for a component of range-rate error due to coherent 

oscillator instability only. 
assumed value of smoothing time. 

This certainly is in close agreement with the above 

Allowances must also be permitted for the 
I 

In a proposed range-rate sidetone tracking system, the total 
rrns range-rate error is specified as: 0.01-meters/second. The frequencies 
to be  used are: 

Transmitter radiated frequency (f ) = 6 GHz 

Transmitter carrier oscillator frequency = 70 MHz 

0 

Transponder radiated frequency = 4 GHz 

The error budget is as follows: 
1 

1. Amplitude unbalance (4%) ........................... 0.003-met/sec. 
-- 2. quantizing error .................................. 0.001-met/sec. 

3. Analog-to-digital (zero crossing detection) ........ O.OOl-met/sec. 
4. Phase noise of VCO ........................... major error source 

. . . . .  .... 
\ 

.. ~ .~ ._ - . ,-.- 
--.. i 2 2 2' 

= \I (?el) -1 (Ee2) 4- ...... -1- (Cen) 'XeT . 
the allowable error due to phase nollse of the .VCO can be calculated as: 

9.434 x 10-3-rneters/secorid, 

9 
= 85.71; N2 = 7347 6 x 10 M = 

6 70 x 10 

9 7 7 
f i  = G x 10 x 9 . 4 3 4  x = 5.6604 x 10 or 5.7 x 10 
o erns 

I V - 5  



I ) '  

Hence, using the graphs of Figures IV-1 and IV-2, the coherence 
time of the transmitter radiated frequency may be readily determined for 
various values of the transit time and/or smoothing time, Multiplying these 
values of Coherence time by N2 will yield the coherence time of the 70-MHz 

oscillator. 
as a function of the smoothing time is shown in Figure IV-3. 
is for three values of transit time: 
vicinity of Venus or Mars), 2.5-seconds (in the vicinity of the moon). and 
0.25-seconds (a near synchronous satellite). 
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A plot of the required coherence time of the 70-MIlz oscillator 
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